A new pathogen strain can penetrate an immune host population only if it can escape immunity generated against the original strain. This model is best understood with influenza viruses, in which genetic drift creates antigenically distinct strains that can spread through host populations despite the presence of immunity against previous strains. Whether this selection model for new strains applies to complex pathogens responsible for endemic persistent infections, such as anaplasmosis, relapsing fever, and sleeping sickness, remains untested. These complex pathogens undergo rapid within-host antigenic variation by using sets of chromosomally encoded variants. Consequently, immunity is developed against a large repertoire of variants, dramatically changing the scope of genetic change needed for a new strain to evade existing immunity and establish coexisting infection, termed strain superinfection. Here, we show that the diversity in the alleles encoding antigenic variants between strains of a highly antigenically variant pathogen was equal to the diversity within strains, reflecting equivalent selection for variants to overcome immunity at the host population level as within an individual host. This diversity among strains resulted in expression of nonoverlapping variants that allowed a new strain to evade immunity and establish superinfection. Furthermore, we demonstrated that a single distinct allele allows strain superinfection. These results indicate that there is strong selective pressure to increase the diversity of the variant repertoire beyond what is needed for persistence within an individual host and provide an explanation, competition at the host population level, for the large genomic commitment to variant gene families in persistent pathogens.
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antigenic variation ͉ genomic diversity ͉ population immunity P athogens that establish persistent infection in individual hosts increase their success for onward transmission to a susceptible population. Antigenic variation allows evasion of immune clearance even within a fully immunocompetent individual host and is a common strategy of pathogens ranging from small genome RNA viruses to eukaryotic parasites. Unlike the RNA viruses that use a high mutation rate and large viral burst size to create new variants de novo (1), bacterial and protozoal pathogens, including those responsible for relapsing fever, sleeping sickness, and syphilis, generate new variants by regulatory or recombinatorial mechanisms in which preexisting coding sequences are differentially activated or translocated into active expression sites (2, 3) . As the host develops immunity to each variant, the pathogen generates additional novel variants using this genomic store, allowing persistence but, at the same time, inducing immunity against a broad repertoire of antigens. Within endemic regions this process results in both a high prevalence of infection and widespread population immunity. This epidemiologic pattern is exemplified by vector-borne pathogens in tropical regions, and we hypothesize that this population immunity provides a strong selective pressure for diversification of the variant-encoding alleles and emergence of new strains.
We chose to test this hypothesis by using Anaplasma marginale, the most globally prevalent vector-borne pathogen of livestock (4) . A. marginale is naturally transmitted among wild and domestic ruminants and in tropical, endemic regions prevalence exceeds 70% (5, 6) . Newborn animals are infected within the first few months and, through sequential generation of antigenic variants, remain infected for life (7, 8) . Antigenic variants are generated by gene conversion in which an intact hypervariable region (HVR) or an HVR oligonucleotide segment is recombined from nonexpressed chromosomal loci into the major surface protein-2 (Msp2) expression site (9, 10) . This mechanism is very similar to that used by African trypanosomes in which the complete (or nearly complete) variable surface glycoprotein (VSG) coding sequences or oligonucleotide segments are recombined into an expression site to generate a new VSG variant (11) . Importantly, A. marginale has a relatively small genome (1/20th the size of Trypanosoma brucei), facilitating the sequencing of the complete repertoire of chromosomal msp2 donor alleles in each of multiple strains (9, 12, 13) , data required to test the hypothesis but not yet available for other highly antigenically variable vector-borne pathogens such as Babesia, Plasmodium, and Trypanosoma (14 -17) . In this article, we report the genomic-level allelic diversity among multiple strains of A. marginale, test whether allelic diversity between strains is linked to ability to infect an already persistently infected host, and propose a model in which host population immunity is a driving selective pressure for genomic diversification in highly antigenically variant pathogens.
Results
Alellic Diversity Encoded Within and Among A. marginale Strains. We first compared the diversity among the HVRs encoded by the full set of genomic msp2 donor alleles within each of five A. marginale strains, St. Maries, Florida, 6DE, B, and EM⌽ (12, 13) . Within strain HVR sequence diversity encoded by the donor alleles was similar ( Fig. 1 Left) , consistent with the capacity of each strain to generate sufficient variation for long-term withinhost persistent infection using either recombination of a complete unique HVR or a HVR segment into the expression site (9, 10, 18) . Strikingly, HVR diversity between strains (Fig. 1 Right) was similar to within strain diversity (no significant difference, P Ͼ 0.2, when mean, maximal, or minimal levels of diversity were compared by using the Mann-Whitney U test). This high degree of interstrain msp2 allelic diversity occurs despite overall genomewide synteny in gene order and content between strains and is illustrated by the markedly greater diversity in msp2 alleles among strains as compared with proteins encoded by groEL, groES, atpA, recA, and gltA (diversity in msp2 alleles was significantly greater than allelic diversity in these five loci, P Ͻ 0.0006). Although identical msp2 alleles were shared between certain strain pairs, each strain contained at least one unique msp2 allele in all pairwise comparisons, whereas the EM⌽ strain had no identical alleles with any of the examined strains [supporting information (SI) Fig. 6 ]. Diversity was not associated with geographic distance of isolation: the degree of msp2 allelic diversity among 6DE, B, and EM⌽, each of which was isolated from the same population of animals, was as great as between these three strains and the St. Maries and Florida strains that were from distinct isolations (Fig. 1 Right) . This high level of interstrain diversity was also observed when locus-specific alleles were compared by using the complete genome sequences of the St. Maries and Florida strains (SI Fig. 6 ).
Superinfection by Strains with Nonoverlapping Variant Repertoires.
To test whether encoding a distinct set of allelic variants allowed a strain to superinfect an already persistently infected host, we first established infection in four calves with the St. Maries strain of A. marginale and tracked variant expression by repeated sampling during Ͼ12 months of persistent infection. The A. marginale variant population became progressively more complex and had a ''complexity score'' (18) of Ͼ2.4 at 12 months postinfection, reflecting gene conversion using oligonucleotide segments from different msp2 pseudogene alleles to create variant mosaics, and confirming exposure to a broad array of antigenic variants (18) . The calves were then challenged by tick transmission of the EM⌽ strain. There are no identical msp2 alleles shared between these two strains; the most closely related alleles are 76% identical (SI Fig. 6 ). Using strain-specific PCR, the presence of the transmitted EM⌽ strain, and the established St. Maries strain, was detected by 2 weeks postchallenge in all animals ( Fig. 2) . Tracking of infection over a 4-month period using quantitative strain-specific PCR revealed continued independent replication of both strains in all animals (mean bacteremia levels of 10 6.7Ϯ0.4 and 10 6.2Ϯ0.3 for the St. Maries and EM⌽ strains, respectively). To confirm this observation of strain superinfection, we then repeated the experiment with initial infection of four animals by using the EM⌽ strain, establishment of persistent infection for 12 months with development of complex Msp2 variant mosaics, and tick-borne challenge by using the St. Maries strain. Superinfection was detected in all animals within 2 weeks after tick transmission (Fig. 2) , and independent replication of both strains continued in all animals over the 4-month observation period (mean bacteremia levels of 10 6.1Ϯ0. 4 3A) and both strains maintained infection in all animals. As only the St. Maries 9H1 allele is highly diverse when compared with the alleles in the 6DE strain (63% identity to the most closely related 6DE allele; SI Fig. 6 ), only this allele should confer the ability to evade the preexisting immunity developed against the full repertoire of 6DE variants. To test whether this 9H1 allele was indeed used to establish superinfection, we amplified and sequenced 168 individual St. Maries strain msp2 variants at 14 days after transmission. All 168 of the sequenced variants contained the 9H1 HVR sequence in the expression site (Fig.  3B ). This usage of the St. Maries 9H1 allele at the time of superinfection was significantly (P ϭ 0.002; 2 test of likelihood ratio; ␣ ϭ 0.05) greater than its predicted random expression based on the full genomic complement of alleles. In contrast, the Ͻ30% usage of 9H1 in St. Maries strain superinfection of EM⌽ animals (for which there would be no specific selection for the expression of the 9H1 allele) and in primary infection of a naïve animal was not significantly different from random (P ϭ 0.37 and 0.11, respectively) (Fig. 3B ). This pattern of preferential usage of unique msp2 alleles was confirmed in the reverse experiment in which the 6DE strain established and maintained superinfection in animals persistently infected with the St. Maries strain (Fig. 4A) . There was significantly (P ϭ 0.013; 2 goodness of fit test based on a predicted 1:1 ratio of identical versus nonidentical alleles; ␣ ϭ 0.05) greater usage of the unique 6DE alleles, 35 and 42, as compared with the shared alleles upon superinfection (Fig. 4B) . In contrast, there was no evidence of selection for usage of unique alleles in primary 6DE strain infection of a naïve animal (P ϭ 0.69).
Discussion
Selective pressure limited to the need to generate sufficient antigenic diversity for within-host antigenic variation would predict convergence to an optimal set of alleles, balancing the need for immune escape with retention of surface protein function. Our studies examining the complete genomic repertoire of variant alleles among strains of the bacteria A. marginale did not support this prediction but revealed essentially the same level of diversity among strains as within a strain. A similarly high level of interstrain diversity in the alleles encoding antigenic variants has recently been inferred for the var genes in the malarial parasite Plasmodium falciparum (19) . Although the complete repertoire of var alleles was not analyzed (because of the complexity associated with Ϸ60 alleles per genome), targeted sampling of the var dbl␣ domain revealed extensive diversity among strains. One explanation for the high degree of interstrain diversity in alleles encoding antigenic variants is that there have been multiple evolutionary pathways to generate sufficient within strain diversity to allow persistent infection in individuals and continued vector-borne transmission. However, the very similar level of allelic diversity among strains as within strains argues that the interstrain diversity is not random but rather reflects an essentially equal selective pressure. The need for a strain not only to be acquired by a vector (selective pressure for within host persistence), but to be successfully transmitted and establish infection in new mammalian hosts within an endemic region that has a high level of population immunity against existing strains could provide this equal selective pressure. This model is illustrated in Fig. 5 where two strains, A and B, which differ in their allelic repertoire are introduced into a population of individual hosts persistently infected with the existing endemic strain. Strain A, which encodes the same allelic variant repertoire as the endemic strain, is not able to establish infection in the population because of the presence of existing immunity against a broad array of the shared antigenic variants. This strain A model is supported by studies within endemic regions where A. marginale strains encoding the same allelic msp2 repertoire do not superinfect (20, 21) . In contrast, strain B, which encodes a different set of alleles, can evade preexisting immunity and establish infection within the population as the proportion of strain B-susceptible animals is large. The data presented here using the St. Maries and EM⌽ strains support this strain B penetrance model and are 5 . Model for pathogen strain penetrance into a persistently infected host population as a selection pressure for allelic diversification. Each circle represents an individual host within an endemic population. Strain A (red circles), introduced as either an infected animal or as an infected arthropod vector, will not establish infection in the population as it cannot superinfect those individuals already persistently infected with a strain encoding the same variant repertoire (blue circles). Transmission to the few naïve individuals (white circles) will favor the existing strain assuming strain A has Ͻ50-fold greater intrinsic transmissibility. In contrast, strain B (yellow circles), encoding a unique variant repertoire, will establish infection in the population as the existing persistently infected animals also represent a susceptible population and transmission results in strain superinfection (green circles). The assumptions of the model regarding infection prevalence within endemic regions, equal quantitative transmissibility of strains, and the resistance to superinfection of genetically similar strains are based on both field and experimental studies of A. marginale transmission (20, 21, 26) .
consistent with the detection of two strains encoding distinct msp2 alleles within individual animals in populations with high prevalence of infection (13, 20) .
How the allelic repertoire diversifies to generate new strains and on what time scale is not well understood for any of the antigenically complex pathogens. However, the presence of identical alleles at two different chromosomal loci within a strain (observed for both the St. Maries and Florida strains) (12) suggests that gene duplication may provide the template for additional interallelic recombination (22) , alone or combined with mutation, to generate diverse alleles with consequent selection at the level of successful superinfection. The ability of a strain with a single diverse allele to superinfect long-term persistently infected hosts, represented by the experiments using the St. Maries and 6DE strains, support that duplication followed by divergence would confer a significant selective advantage. For A. marginale, diversification of a single allele may be sufficient because of the use of each allele in simple recombination and in complex mosaics because of segmental gene conversion (10, 18) , whereas more extensive diversification may be needed to provide selective advantage in other pathogens, such as P. falciparum, that encode variants predominately by using complete gene sequences (15, 19) . Thus this process may lead not only to diversification but also to expansion of the overall genomic commitment to encoding antigenic variants. The latter event has been proposed to explain the presence of Ͼ1,500 vsg alleles in T. brucei, a repertoire far in excess of that needed for within host antigenic variation but which may confer an advantage at the host population level (23, 24). Strong selective pressure for genetic diversification and perhaps genomic expansion as well clearly underscores the challenge for vaccine development to protect against diverse strains within endemic regions and, in addition, may underlie emergence of new strains with distinct transmission and virulence phenotypes.
Materials and Methods
Pathogen Strains and msp2 Allelic Repertoire. Diversity was determined by using the HVR amino acid sequences encoded by the complete repertoire of msp2 alleles in each A. marginale strain. The alleles were identified in the complete genome sequences of the St. Maries (GenBank accession no. CP000030) (12) and Florida strains (GenBank accession no. EU113268-75). The msp2 alleles in the 6DE (GenBank accession nos. AY928483, AY928497, AY928489, AY928505, AY928507, AY928511), EM⌽ (GenBank accession nos. AY928484, AY928485, AY928490, AY928498, AY928506), and B strains (GenBank accession nos. AY928486, AY928491, AY928494, AY928499, AY928502, AY928508) were identified by targeted allelic sequencing (13) . To determine the intrastrain diversity of the donor msp2 alleles, the trimmed HVR amino acid sequences within each strain were aligned by using the alignX module of Vector NTI and then adjusted by hand for the best fit. Diversity was reported as a percentage: 100 -percent amino acid identity. Interstrain diversity was similarly determined by using all pairwise comparisons of alleles. The percent identities within a strain and between each strain pair are presented in SI Fig.  6 , and the means and ranges for diversity are reported in Fig. 1 . To establish baseline diversity among strains, the amino acid sequences encoded by five housekeeping genes (groEL, groES, atpA, recA, and gltA) among five different strains were compared. Establishment of Primary Infection. A total of 16 age-and gender-matched Holstein calves, confirmed to be A. marginale negative by the Msp-5 CI-ELISA (25), were each infected by tick transmission using infected Dermacentor andersoni males. Calves were infected by tick feeding using 6DE (n ϭ 4), EM⌽ (n ϭ 4), or St. Maries (n ϭ 8) strain-infected Reynolds Creek D. andersoni. The level of A. marginale bacteremia during persistent infection was determined by quantitative real-time PCR assay for the single copy gene msp5 (26) . The expression of complex mosaic variants during persistent infection was confirmed by sequencing of the expression site as described (18) . The complexity of the HVR was quantified as described (18) Cohorts of these infected ticks were identically fed on uninfected, naïve calves at the same time to confirm tick transmission of each strain to cattle. For discrimination between the St. Maries and 6DE strains, the msp1␣ sequence was amplified by using previously reported strain-common primers (26) . The St. Maries and EM⌽ strains were differentiated by using strain-specific msp1␣ primers (St. Maries, forward 5Ј-CAGCAGAGTATGTGTCCTCC-3Ј and reverse, 5Ј-CATTGGAGCGCATCTCTTGC-3Ј; EM⌽, forward 5Ј-TGTTAGCAGAGTGTGTGT CCG-3Ј and reverse, 5Ј-GCCTGACCGCTTTGAGATGA-3Ј). The amplicons were size-separated and visualized in a 1% agarose gel electrophoresis after staining with ethidium bromide. All amplicons were sequenced to confirm strain identity. Strain-specific quantification was done by using the same amplification primers combined with unique Taqman probes: EM⌽ strain, 5Ј(TET)-CCAGCTGATAGCTCGTCAGCGA-3Ј; St. Maries strain, 5Ј(FAM)-TCAGCTGAT-AGCTCGTTAGCGG-3Ј. Amplification reactions consisted of an initial denaturation step of 95°C for 10 min, followed by 55 cycles of 95°C for 15 s, 55°C for 15 s, and 72°C for 7 min. Standard curves were generated by using amplification of 10 2 to 10 7 copies of full-length msp1␣ from each strain cloned into PCR-4 TOPO (Invitrogen).
Allelic Usage in Superinfection. The expressed allele was identified by amplification and sequencing of the single msp2 expression site (18, 27) . The expression site HVR amplicons were cloned into the PCR-4 TOPO vector and transformed into TOP10 Escherichia coli cells. The presence of inserts was confirmed by EcoRI digestion, and a minimum of 90 clones were sequenced to assure detection of Ն5% of the superinfecting strain population with 99% confidence. The superinfecting St. Maries and 6DE variants were mapped to each of the msp2 pseudogene repertoires encoded by both strains as described (18) . The strain of origin for identical alleles within the expression site was confirmed based on two polymorphisms (positions 523 and 547 relative to the msp2 ATG) in 6DE relative to St. Maries.
